Abstract-Relatively, recently, in the last 20 years, it was discovered that methane hydrate (MH) deposits are globally distributed in the permafrost and oceans. Before 1960s, when first deposits were discovered in Siberian permafrost, former USSR, it was believed that MH can occur only in laboratory conditions or in vast parts of the Universe. Presently, it is presumed that this solid crystalline compounds in which CH 4 molecules occupies the water ice lattices (nominal chemical formula of MH is C 4 H 62 O 23 ) can serve as an energy source favorably to the all of the world remaining conventional hydrocarbon sources. Moreover, MH deposits can become vulnerable to climate changes, which were already occurring in geological past with tremendous consequences for the global life on earth. Thus, further development of advanced techniques is needed to enhance our abilities to better characterize, quantify, and monitor MH deposits. In this paper presented, 14-MeV neutrons with associated alpha particle imaging technique were used to quantify the amount of MH in the sample.
I. INTRODUCTION
N ATURAL methane hydrate (MH) deposits are stable under conditions of high pressure and low temperatures. At the ocean seafloors, where temperatures are 1°C-5.5°C, MH deposits form in sediments at depths ∼400 to 1000 m below the sea level, with very low concentrations above, reflecting consumption of upwardly diffusing CH 4 by bacteria in sulfate reducing zone. Despite the low flux rates from the sediments, CH 4 concentrations are currently high in basin bottom waters, but are greatly reduced by oxidation within 100 m above the sea floor [1] .
Today it is known that MH deposits could dissociate under changes of 1°C-2°C and/or of pressure; thus, their instability can be induced by climate changes and be their accelerator. Destabilization of MH can have important implications for the global carbon cycle, especially with regard to the atmosphere and global warming. Climatic changes related to the massive release of MH have already occurred in the geologic past with strong consequences for global life on earth. It is generally accepted that global release of methane (∼2500 Gt) had happened at the time of the thermal peak at the Paleocene/Eocene [2] . If carefully done, exploitation of dissociating MH could even mitigate against escape of methane to the atmosphere. If warm pressurized CO 2 is deposited into the icy lattice forming even more stable form of hydrate, it will liberate the trapped methane, which then could be pumped to the surface. In this way, the hydrate material does not melt and stability of the geological formation remains intact, yet another greenhouse gas is sequestered. The worldwide estimates of MH deposits range from 2 × 10 14 m 3 to 3.05 × 10 18 m 3 [3] . This uncertainty partly results from our limitations in geological understanding of the MH deposits, which is due to the relatively bad quality of data obtained by presently available seismic and electromagnetic techniques [4] .
In this paper, we present a neutron-based underwater in situ technique for nondestructive inspection of objects or seabed. The associated alpha particle imaging (API) technique was used. In this technique, the 14-MeV neutron beam is produced by 3 H(d,n) 4 He nuclear reaction together with 3.5-MeV alpha particles in the opposite direction. By measuring alpha particles in coincidence with characteristic gamma rays produced in inelastic collision with neutrons it is possible to "electronically collimate" the neutron beam and to measure the neutrons time of flight. In such a way, a target of a particular volume can be chosen for inspection and its chemical composition investigated, see [5] .
A sensor or a logging probe can be attached to the remotely operating vehicle (ROV). The neutron based sensor shown in [6] can be used to investigate MH deposited in the surface sediments. In addition, a core 1-2 m long can be taken out and investigated in situ. API logging probe with an advantage of reduced background and precise profiling can be attached to an ROV in order to investigate sediments up to several meters depth. With the time-of-flight resolution of 2 ns, approximately 10-cm voxels could be measured for relative elemental abundances, most interesting being the C content.
II. EXPERIMENTAL SETUP
Figs. 1 and 2 show the experimental setup scheme and the laboratory experimental setup, respectively. A neutron generator (NG) API 120 manufactured by ThermoElectron was 0018-9499 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. used as a source of 14-MeV neutron beam. The alpha detector incorporated inside the NG was YAP:Ce scintillator fixed to the NG and to the removable photomultiplier tube (PMT). The collimator in front of the PMT defined the opening tagged neutron cone angle of 10°. Water level was lying just over the target. Above the target is supposed to be the submarine. Associated alpha particle method guarantee the small influence of extended sea floor and water all around the device. Carbonate sediment (sea sediment randomly collected in the vicinity of Punat, island of Krk, Croatia) and silicate sediment (quartz sand), presenting two main types of sediments found at the sea bed, were analyzed. Organic carbon settled at the sea bed can be neglected [7] . The cylindrical 7.62 cm × 7.62 cm LaBr 3 :Ce gamma ray detector was used. The target was a cylindrical metallic container with dimensions 10 cm × 10 cm filled with the calcium carbonate sea sediment or quartz sand. Table I shows the physical properties of the sea sediment and quartz sand. Volume of pores were determined by measuring the content of water filled up to the top of the sample. Fig. 3 shows the gamma ray spectrum of calcium carbonate sea sediment while Fig. 4 shows the spectrum of quartz sand. Carbon and oxygen gamma ray energy lines are clearly visible in calcium carbonate sediment (Fig. 3) , while silicon and oxygen gamma ray energy lines are clearly visible in quartz sediment (Fig. 4) . Table II shows the sea sediment chemical composition measured by the X-ray fluorescence (XRF) method.
The x-rays were produced by W anode and the Mo secondary target in orthogonal geometry. X-ray spectra were collected with a Canberra Si(Li) detector (FWHM = 170 eV at 5.9 keV, Be window = 3 mil) and were analyzed by the IAEA quantitative X-ray analysis system program package, direct comparison method. The IAEA "SL-1" was used as the standard reference material. The measurement parameters were 35 kV and 35 mA. The irradiation time was 1000 s. The purpose of the XRF analysis was to prove that marine sediment is of carbonate origin, i.e., it contains calcium. [8] . MH simulant was invented and prepared specifically for this purpose. It was made from sugar sucrose C 12 H 22 O 11 and water and it was used to fill the pores in the samples. Sucrose mass fraction was 25%. In order to prepare 500 g of simulant, 125 g of sugar was dissolved in 375 g of water. The chemical formula of MH simulant obtained in this way is C 4 H 46 O 23 . The solution volume was 470 mL, and the density was 1.06 g/mL, which was a bit higher than the density of the methane hydrate (0.9 g/mL) [9] . The method was based on the measurement of carbon excess in the samples. Fig. 5 shows the typical time spectrum. The small intensity peak corresponds to the gammas coming from the NG, while the high intensity peak corresponds to the gammas coming from the target and neutrons scattered from the surrounding objects. Gamma rays coming from the target were selected from 1.8-ns-wide time window in order to reduce the influence of the surrounding water and sediment. 
III. RESULTS AND DISCUSSION
The gamma ray spectra of sea and quartz sediments which pores were saturated with water or MH simulant corresponding to the selected time window are shown in Figs. 6 and 7, respectively. The gamma ray spectra of sea sediment and quartz sediment placed in basin filled with water, which pores were saturated with water or MH simulant are shown in Figs. 8 and 9 , respectively.
The fitting procedure was done by using the following equation:
The carbon peak was the only one fit. Parameters "a," "b," and "c" were the fitting parameters. Summing was performed over the channel number "ch" from minimal to maximal, energy range 4-4.7 MeV. The "x (ch)" is the normalized gamma ray spectrum of the graphite block. The "y (ch)" is the gamma ray spectrum of the target. Number of counts in the "y (ch)" spectrum between the minimal and maximal channel was marked by "." Number in denominator of (1) presents degrees of freedom calculated as ch max −ch min + 1 independent data points −3 fitting parameters [10] . For a good fit, the reduced chi-square (χ 2 ) should be close to one. Parameter "a" measures the relative carbon content (for pure graphite block a = 1), while parameters "b" and "c" measure the background under the 4.44-MeV carbon peak. Background is mostly produced by the fast neutrons. Fast neutrons on the gamma detector produce the spectrum that decreases with the channel number. This kind of spectrum is well described (at least at short intervals) by the inverse first order function f(ch) = c + b/ch, where "c" and "b" are the fitting parameters. The method of least-squares states that the best values of "a," "b," and "c" are those for which chi-square is a minimum. Fig. 10 shows theoretical normal distributions of the carbon content in samples saturated with water/air (top curve, background) and theoretical normal distributions of the carbon content in samples saturated with MH simulant (bottom curve). It can be seen that two distributions overlap partially.
Overlapping decreases as the time of measurement extends. False positive is defined by an area over the threshold of the carbon distribution in the background. Detection probability is defined by an area over the threshold of the carbon distribution from sample filled with MH simulant. Average background is the value of the parameter "a" obtained by fitting the gamma ray spectrum in Figs. 6-9 (top), while "sample filled with MH" is the value of the parameter "a" obtained by fitting the gamma ray spectrum on Figs. 6-9 (bottom). Threshold is determined by the following equation:
where σ b is standard deviation obtained by fitting procedure. Threshold depends on the accepted value for false positive rate, in our case 10% [11] , which means that 10 over hundred samples would be declared as MH rich sediments. Higher value of false positive will increase the detection probability and decrease the false negative rate and vice versa. The parameter κ depends on the accepted false positive alarm rate.
In this research κ = 1.282 coresponds to the 10% level of false positive.
Results of detection probability in dependence on the measuring time are summarized in Tables III and IV for data obtained in empty basin for sea sediment and quartz sediment, respectively, and in Table V and VI, for data obtained in basin filled with water. Pores were saturated with the MH simulant. Porosity was 47% for the sea sediment and 40% for the quartz sand. Neutron beam intensity was below 7 × 10 7 n/s. Detection probabilities were found as the average values of several "identical" measurements and errors were calculated as standard deviations of those measurements (precision of the instrument). The number of repeated measurements depended on the measuring time. In case of the long measuring time (2.5 h) only one measurement was done (consequently the error was not calculated), in a case of 1.25-h measuring time, two measurements were done and so on. The number of repeated measurements raised up as the measuring time went down. As the number of the repeated measurements increased, the estimate of the average value became more precise [12] . According to these data, 2.5 h of the measurement time is needed for 100% detection probability. Detection probability decreases with decrease of the measuring time. For half an hour of the measurement detection probability drops to 70%. There was no measurable influence of water on detection probability, at least for a given measurement accuracy. For potential commercial applications at least 1 order of magnitude more intense neutron beam is needed together with at least four gamma ray detectors placed around the sample. Nevertheless, our investigation shows that MH rich deposits can be detected and investigated by the API method. The real geometry can be similar to the one presented in [6] and [13] , showing the results obtained by the ROV carrying the neutron sensor. Another possibility is to develop specially designed drilling "hand" able to take a sample from the sea floor, and to position it between the NG and the gamma ray detector for analysis.
It should be noticed that C/O ratio could also be used to identify MH if adequate calibration procedure is applied as shown in [12] . This procedure, in which the large prevalence of O over the C should be detected, could be even more efficient in detection of MH. The development of the C/O ratio based method for underwater MH detection is envisaged in the future work.
